Probing individual point defects in graphene via near-field Raman scattering Sandro The Raman scattering D-peak in graphene is spatially localised in close proximity to defects. Here, we demonstrate the capability of tip-enhanced Raman spectroscopy (TERS) to probe individual point defects, even for a graphene layer with an extremely low defect density. This is of practical interest for future graphene electronic devices. The measured TERS spectra enable a direct determination of the average inter-defect distance within the graphene sheet. Analysis of the TERS enhancement factor of the graphene Raman peaks highlights preferential enhancement and symmetry-dependent selectivity of the D-peak intensity caused by zero-dimensional Raman scatterers.
In recent years, considerable research on the vibrational properties of graphene has been performed in the field of Raman spectroscopy 1 . A specific effort has been focused on the Raman characterisation of defects within the lattice of graphene and previous works [2] [3] [4] have studied the issue of quantifying the level of disorder via Raman spectroscopy. The pioneering work by Tuinstra and Koenig 5 studied disordered carbon materials and nanocrystalline graphite and reported the presence of a defect-induced Raman peak at ~1340 cm -1 , now commonly known as the D-peak, which is also present in the Raman spectrum of defective graphene. This was assigned to a breathing mode with A 1g symmetry at the K-point of the Brillouin zone, and an inverse proportionality relationship was established between the relative intensity of the Raman D-and G-peak, i.e. I(D)/I(G), and the crystallite lateral size 5 .
The activation of the D-peak is now understood in terms of a double resonance scattering process 6, 7 spatially localised in proximity to a structural symmetry-breaking feature in a graphene sheet, for example an edge 8, 9 or a vacancy defect 3 .
The absorption of the excitation laser generates an electronhole pair and, if the graphene area exposed to photons contains a defect, electrons can undergo inelastic scattering with a phonon and elastic scattering with the defect, before recombining and emitting the Raman-scattered photon. Analogous scattering events can involve holes, as well as both electrons and holes 7 . The average length travelled by the electron-hole pair (ℓ) during the whole process delimits the spatial extent of the D-peak activation.
Lucchese et al. 3 have investigated ion-bombarded graphene by varying the density (n D ) of point defects, or equivalently, the average inter-defect distance, L D . They proposed a phenomenological expression linking
where C A is the ratio of the relative Raman cross-sections of the D-and the G-peak and is excitation energy dependent, ‫ݎ‬ ୗ is the radius of the defect and ‫ݎ‬ the distance from the centre of the defect for which the D-peak Raman scattering occurs, such that r A =r S +ℓ (Fig. 1a) . We note that a correction factor is needed for I(D)/I(G) when the doping level is not negligible 10 ,
as will be discussed later. However, there are several issues with conventional confocal Raman spectroscopy when investigating nanoscale defects. Due to the diffraction limit, confocal Raman spectroscopy provides an averaged spectrum over the probe size (typical sizes vary from several hundred nanometres to around 1 µm 2 depending on the laser wavelength and numerical aperture), whereas the electron-hole pair involved in the D-peak process is expected to recombine within a few nanometres from the defect 9, 11, 12 . Therefore, for typical defect densities it is not possible to spatially resolve individual defects; additionally, inferring the distribution of defects based on the analysis of a confocal Raman spectrum is challenging. Moreover, the confocal Raman spectroscopy signal strength from individual defects is extremely weak, making detection difficult in the case of a very low defect density. Confocal Raman spectroscopy also does not allow a straightforward discrimination among different types of defects when they are present together within the same sample. For example; both vacancies and grain boundaries in chemical vapour deposition (CVD) grown graphene can be regarded as defects, however they cannot be distinguished and quantified separately using confocal Raman spectroscopy. Specific defects, such as dopant atoms to modify the carrier density of graphene 13 , or sp 3 hybridised bonds in oxidised 14 or fluorinated 15 graphene, can be deliberately introduced rather than being an undesired result of the graphene production process. Hence, knowledge of their distribution is highly desirable to optimise defect engineering in graphene. The quantification of defects in liquid-phase exfoliated graphene using Raman spectroscopy is also particularly challenging 16 , as the graphene flake size is comparable to the confocal probe size and the D-peak signal from the edge is therefore always probed in these measurements. Although other techniques such as electron microscopies or scanning tunnelling microscopy (STM) can be used to resolve individual lattice defects to overcome many of these obstacles, they may be destructive or restricted to conductive substrates respectively.
In this communication, we demonstrate the ability to resolve the near-field Raman scattering signal from a point defect in graphene using tip-enhanced Raman spectroscopy (TERS). Using a plasmonically active metal-coated probe, the Raman scattering signal is locally enhanced at the apex of the TERS probe. This enables the acquisition of a chemical map of a graphene flake with nanoscale resolution, far below the diffraction-limited spatial resolution of confocal Raman spectroscopy. The analysis of the measured near-field Raman spectra enables us to directly and non-destructively enumerate defects within the graphene sheet, thus greatly reducing the uncertainty in L D when compared with its determination using confocal Raman spectroscopy, which is only able to provide an estimate of the average inter-defect distance.
The nanoscale mapping of graphene and carbon nanotubes is an extremely important area of investigation, as shown by the growing number of publications in this area within the last few years, and individual defects in carbon nanotubes have been identified by TERS imaging in Refs. 17 and 18. With respect to carbon nanotubes, these works were focused on dopants 17 or non-specified defective areas generated by the intense optical field present underneath the probe 18 . Ref. 19 has shown tip-enhanced Raman D-peak imaging of graphene edges, which may be regarded as line defects, thus highlighting the potential of TERS for nanoscale characterisation of lowdimensional materials. However, as opposed to individual point defects, graphene edges may also be visualised using confocal Raman imaging because of the lack of spatial confinement along the edge direction, which may extend over several microns. The difference between the one-dimensional nature of line defects and the zero-dimensionality of point defects, as will be discussed later, has profound implications on the measured tip-enhanced peak intensity in relation to the experimental parameters used, and most importantly, on the resulting I(D)/I(G) ratio. Nanoscale imaging of defective graphene was also reported by Ref. 20 ; however, no quantitative analysis was performed on the D-peak enhancement occurring at defective sites as individual point defects were not spatially resolved, and no correlation between I(D)/I(G) and L D was explored. Furthermore, the TERS imaging of graphene in Ref. 20 was carried out in gap-mode, i.e. by sandwiching graphene between a metal substrate and a metal probe, which generates an extremely high electromagnetic field enhancement even capable of imaging single molecules. In the present work, we demonstrate that point defects as small as 1.9 nm in radius can be identified and quantified even with AFM-TERS without the use of gap-mode, which often requires opaque metal substrates. In the present work, along with demonstrating the possibility of identifying point defects in graphene using TERS, we wish to highlight that such capability enables precise determination of L D , not possible in confocal measurements which are affected by large uncertainties, as will be discussed later. Please do not adjust margins Please do not adjust margins We performed TERS measurements using a transmissionmode system, where the Raman scattered light was collected in a back-scattering geometry, as described in Ref. 21 . The sample was illuminated with a 532 nm radially polarised laser using a 100ൈ oil-immersion objective lens (NA=1.49). A laser power of < 100 ߤW on the sample was used for all measurements. TERS probes were prepared through the thermal evaporation of Ag onto a silicon atomic force microscopy (AFM) cantilever, already covered with an oxide layer (SiO 2 ) of 300 nm thickness. The probe radius was determined to be ~50 nm using scanning electron microscopy (SEM). TERS imaging was performed with the TERS probe in contact with the sample, at an angle of 20° from the normal to the sample. The laser spot was aligned with the probe apex by progressively moving the objective whilst keeping both the probe and the sample underneath in a fixed position, and by recording the Raman intensity. The maximum Raman intensity is reached when probe and objective are aligned. A schematic of the experiment, along with an SEM image of the TERS probe is shown in Fig. 1 .
Graphene samples were produced through mechanical exfoliation of highly oriented pyrolytic graphite (HOPG) on to glass coverslips. A single-layer graphene flake was identified on the substrate through a combination of AFM and confocal Raman spectroscopy. Defects were introduced by means of (Fig.1d) . This measurement was performed at the centre of the graphene flake, in order to rule out any contribution of the Dpeak arising from the graphene edges. Based on Eq.1, an I(D)/I(G) value of this order is expected for such a low density of defects. However, due to the uncertainty on the estimated values of C A , r S , and ℓ reported in literature 3, 4 , as well as the uncertainty on the estimated I(D)/I(G) value (arising from the low intensity of the D-peak measured in the Raman spectrum) a precise determination of an average inter-defect distance of this order cannot be obtained using Eq. In general, a scaling factor dependent on the Fermi level energy, E F , should be taken into account in Eq. 1 whenever doping is introduced 10 . The position of the G-peak (Pos(G)), the full width at half maximum (FWHM) of the G-peak (FWHM(G)), the position of the 2D-peak (Pos(2D)), and the intensity ratio between the 2D-and the G-peak, I(2D)/I(G), are sensitive to doping and can subsequently be used to estimate E F 23 . The
Raman spectrum of the graphene flake here investigated shows Pos(G)≅1581 cm
, that are consistent with negligible doping (E F <100 meV). Such doping occurs naturally upon exfoliation, due to a combination of surface adsorbates after exposure of the graphene flake to ambient conditions 24 , and of charge transfer with the substrate 25 . These values do not vary significantly when defects are introduced and therefore no renormalisation is needed. Fig. 2b shows a TERS D-peak map (500ൈ500 nm 2 ) of the defective graphene flake shown in Fig. 2a , and a highresolution map of an individual defect is shown in Fig. 2c . From visual inspection of Fig. 2b and the representative Raman spectra (red and blue lines in Fig. 2e ) extracted from this TERS map, it is evident that I(D) is distinctively more intense
3) where point defects are located. For these points, the FWHM of the D-peak is ~20 cm -1 , consistent with the low disorder regime 2 
. From the same TERS data, I(D) is
shown to be negligible and below the noise level for nondefective areas of the graphene flake. We do not observe any commensurate change in the intensities or FWHM of the Gand 2D-peaks, which are uniform over the scanned area. The ability to visualise the Raman scattering from each point defect enables a direct quantitative analysis. This is particularly important for very low defect densities, where the value of L D becomes comparable to the confocal Raman probe size, and the associated error of L D , when determined using Eq. 1, increases significantly. However, from Fig. 2b , we directly observe that the inferred value of L D ≅100 nm determined from the ion bombardment is consistent with the distribution of individual defects revealed using TERS imaging, from which we determine L D ≅130 nm.
We note that Ref. A TERS map of a given Raman peak is always the convolution of the spatial distribution of the Raman scattering signal itself with the spatial extent of the region where the field enhancement takes place, which corresponds to the TERS spatial resolution. In the case of an effective zero-dimensional object, such as a point defect, the line-profile essentially corresponds to the spatial resolution of the TERS probe, which in this case is ~24 nm (Fig. 2d) . To resolve the shape of the ring associated to the D-peak (shown as a yellow area in Fig. 1a ) the spatial resolution must be much improved (down to 1-2 nm). This resolution has been demonstrated in particular experimental conditions such as cryogenic temperature, ultrahigh vacuum 26 or STM-based TERS 27 , where a conductive substrate is required. However, our TERS measurements are conducted without any environmental constraint. In order to compare the confocal and tip-enhanced Raman spectra we introduce the following concepts. In a tip-enhanced Raman spectrum, the peak intensities represent the sum of two Raman scattering contributions arising from the near-field enhancement region and from the region illuminated by the confocal probe, i.e. the far-field. We define the enhancement factor (ߟ) 28 as
where NF and FF stand for near-field and far-field respectively. I NF and I FF are the peak intensities, with the ratio I NF /I FF usually referred to as contrast 21 . The value of η for the G-and 2D-peaks can be calculated using Eq. 2 through consideration of A NF and A FF , the areas of the sample that produce the particular Raman scattering peak under investigation, such that α= A FF /A NF . Fig. 3 (a) Contrast and (b) enhancement factor for the main Raman scattering peaks. Error bars represent the standard error from the fitting process. The contrast for the Dpeak depends on the number of defects probed within the far-field area, equal to α.
The G-and 2D-peaks are allowed Raman modes arising from the whole of the probed graphene area. Therefore A NF and A FF are calculated for these peaks using the near-field and far-field spatial resolutions respectively, where A FF is determined using a diameter of the confocal probe of 225 nm 21 , and A NF is determined using the near-field spatial resolution previously calculated from Fig. 2d . Contrarily, Dpeak Raman scattering is localised close to defects and therefore, for a spatial resolution greater than 2r A , α = n D × A FF , that is the number of defects within the probed far-field area.
Here, α≅4 for L D = 100 nm. The values of the enhancement factor η and the calculated contrasts of the D-, G-and 2D-peaks are summarised in Fig. 3 . The contrast of the D-peak is ~40 times higher in comparison to the G-and 2D-peaks, mainly due to the high localisation of the D-peak around the defects and the very low number of defects probed within the far-field area.
The analysis of the enhancement factor is far from trivial as it depends on several factors [29] [30] [31] [32] , such as the probe-sample distance, the incident laser polarisation, the angle of the probe to the sample normal, the symmetry of the modes, the dimensionality of the Raman scatterer, the coherence of the Raman scattering and the plasmonic resonant profile of the probe.
In particular, we note that the enhancement factor of the G-peak is ~1.5 times lower than that of the D-peak. This is expected when the spatial resolution is less than the coherence length of the phonons, i.e. ≅30 nm for optical phonons in graphene 31 . In the fully coherent regime, the intensity of the G-peak from the near-field region should in principle vanish due to destructive interference effects 31 arising from the particular symmetry of the mode (E 2g ), for a polarisation that is perpendicular to the sample. However, we still observe an enhancement for the G-peak due to a probe angle, and hence polarisation directly beneath the probe, of 20° to the sample normal (note that, in addition, the probe dipole angle is generally randomly oriented). As the symmetry of the D-peak is assigned to the A 1g symmetry, the We note that the probe position, relative to the sample and the laser focus, could affect the calculation of contrast and enhancement factor using Eq. 2 (as mentioned above). This effect can be separated in two contributions: the movement of the probe in the plane of the sample, affecting the tip-laser alignment, and the movement of the probe in the direction perpendicular to the sample. In the plane of the sample, the probe is placed within the confocal probe diameter of 225 nm, corresponding to the FWHM of its Gaussian spatial intensity profile, such that TERS enhancement has a very weak dependence on any small misalignment between the probe and the laser focus. On the other hand, in the direction perpendicular to the sample, the probe position is governed by the AFM feedback control. As this is much less than the radius of curvature of the probe, the enhancement factor is not expected to be affected.
Ref. 32 reports on a theoretical study of the enhancement factors for graphene's most prominent Raman peaks, occurring in proximity to a one-dimensional scattering site. The authors predicted a symmetry-dependent enhancement of the D-peak, which was experimentally validated later in Ref. 31 via a TERS scan across a graphene edge. A similar qualitative selectivity -albeit with a different numerical value of enhancement factor-should in principle be observed for a lower dimensionality scatterer. To the best of our knowledge, our observed preferential enhancement of the D-peak at a point defect site constitutes the first experimental validation of the selective D-peak enhancement in zero-dimensional sources.
Conclusions
In conclusion, we have investigated the near-field Raman scattering arising from individual point defects in graphene. We have demonstrated for the first time that, by overcoming the diffraction limit of confocal Raman spectroscopy, tipenhanced Raman spectroscopy enables detection of highly localised defects in graphene via their D-peak, with a resolution of ~24 nm. We have shown that a near-field Raman map allows a direct assessment of the amount and distribution of point defects within the probed graphene area, thus overcoming the large uncertainty in the average inter-defect distance when determined using confocal Raman spectroscopy. The analysis of contrast and enhancement factors evaluated in proximity to a point defect has highlighted a selective, symmetry-dependent enhancement of the D-peak intensity at a zero-dimensional site, thus experimentally validating available theoretical predictions.
Through the understanding gained via Raman spectroscopy measurements at the nanoscale, the effect of disorder on conventional confocal Raman spectroscopy measurements, which is predicted to be the technique of choice for graphene quality control, can be better understood. This work paves the way towards the nanoscale, and non-destructive investigation of individual defects in graphene-based devices and other twodimensional materials 22, 36 . This is particularly important as electronic device dimensions are constantly being reduced (down to the few nanometre scale), so the need to probe point defects, which could have an enormous impact on device performances, will be essential.
